The need exists for robust and efficient optimal design methods for application to multibody systems, in which the components to be designed represent connections between large displacement, large rotation motions of the subsystems' bodies. A specific application is an occupant restraint systems, such as the Gunner Restraint System (GRS), in which both the vehicle and the gunner can undergo large relative and absolute motions under extreme driving or external threat conditions. In addition, the restraint/connection components can have amplitude-dependent, time-dependent, and timing-dependent behavior, such as an active belt retractor. Current optimization methodologies are ill-suited for this problem, suffering from infeasibility, lack of robustness, and/or high computationally expense. This paper presents an extension of topology
Introduction
Motivating this research is the need to design vehicle occupant restraint systems for improved occupants' safety under various operating conditions and often hazardous environments. Using a Gunner Restraint System as an example, the occupant (gunner) sits or stands in the passenger compartment with their upper torso, arms, and head exposed outside the top of the vehicle. The restraint system should not only be able to prevent the occupant from being ejected from the vehicle but also be able to assist rapid entry into the vehicle during a rollover or other accidents to avoid injury or fatality. For this application, the restraint system should also help stabilize the gunner over rough terrain and in high speed maneuver conditions for them to complete their functional tasks.
The restraint system may involve a wide range of possible usage of passive, active and reactive devices which could be mounted at many possible physical locations (interacting points) between the vehicle and the occupant. These devices may include safety elements such as belts, airbags and retractors and may have to be activated in a specific sequence or timing to protect the occupant in the designed situations. For the purposes of this paper, a passive device is defined as a structure or device that responds to the excitation passively without an active action. An active device is defined as a structure or device that can actively respond to the excitation with an energy supply for the operation. A reactive structure is defined as a class of smart structure that can react to external excitations in a specially designed way using the energy pre-stored in the system or from the external excitation to counteract the hazardous loading or perform other desired tasks. restraint system must also consider minimizing the system weight, complexity, and cost, while maximizing reliability, durability, and occupant friendly-ability.
More generally, the design problem of interest involves multiple multibody dynamics systems and their interconnections, which need to be designed to constrain the relative motions/positions of the multibody dynamics systems for given objectives, such as those related to the safety issues. The multibody dynamics systems can include flexible bodies; however, in this paper, we limit developments to rigid multibody dynamics systems for the purpose of exposition. The application focus is on the safety system design problems related to automotive vehicles, including military vehicles, such as gunner restraint systems, blast-protective seating systems and other restraint systems, and commercial applications, such as passenger safety and protection systems in passenger cars for protection against crash or rollover. Other applications vehicle transportation systems, space vehicle landing systems, ground and sea vehicles mooring systems. For a transportation system, the design objective can be the relative movement of the vehicle with respect to the carrier vehicle (ground, sea or air) for a transportation task in a dynamic environment. The design space could include connecting chains, networked belts, or other constraint mechanisms. For the optimal mooring system, the design objective could be the vessel's lateral and longitudinal accelerations and yawing movements. The design space can be all the possible interactions between the vessel and the dock with the objective to find the optimal mooring system. Practical solution of these design problems requires a robust and efficient optimal design method to quickly layout an optimal restraint system between the multiple multibody systems, in which the components to be designed can represent connections between large displacements, large rotation motions of the subsystems' bodies. In addition, the connection components can have amplitude-dependent, time-dependent, and timingdependent behaviors, such as that with an active belt retractor. Current optimization methodologies are ill-suited for this problem, suffering from feasibility, robustness, and/or efficiency. A fundamental multidisciplinary structure design methodology for multibody dynamics systems is presented. This design methodology identifies optimally combined multidisciplinary structural components with specific geometric and connectivity configurations and also mechanical properties for the given (multiple) design objectives. One challenge in developing such a design methodology comes from the complexity of general multibody dynamics systems and the wide open design space that covers passive, active and reactive devices with nonlinear, time-dependent and timing-dependent design variables.
Topology optimization for optimal structural design methodology has received extensive attention since Bendsøe and Kikuchi (1988) as seen by its wide application to many structural optimization problems (Bendsøe, 1989; 1995; Bendsøe and Sigmund, 2003; Ma et al., 1995b; 1995c; Sigmund, 2001 ). There are two major approaches towards topology optimization: one is the continuum based approach, while the second is the discrete component based approach. In the continuum based approach, the material is continuously distributed within a design domain by considering a specific variable (physical or artificial) material model in the design domain. In this approach, the structure is consequently optimized by varying the design variables associated with the material model. In the discrete component based approach, for example, the ground structure approach developed by Zhou and Rozvany (1991), a structural optimization problem is transformed to a problem of seeking the optimal layout in a design space that considers all the possible connection members between the predefined nodal points and the optimization is achieved by removing unnecessary connection members and reinforcing necessary connection members in the design space in improving the design objective.
The standard topology optimization method has been extended to a multi-domain topology optimization (MTO) method (Ma et al., 2006b ) to consider a topology optimization problem with multiple domains by allowing assignment of different amounts of the materials, as well as of different materials, to the different sub-domains of a structure. This technique can be used to deal with a number of important applications, such as structure-fixture simultaneous design problems, functionally gradient material design problems, and crush energy management design problems. Ma and Kikuchi (1995a) .
The GASO algorithm extends the compatibility of previous optimization algorithms by allowing more advanced updating rules and offering more flexibility for a wide range of optimization problems. The enhancement in the GSAO results in improved convergence, higher computational efficiency and a more stabilized iterative process for large-scale optimization problems, including those dealing with dynamic response. This method is ideal for multi-domain topology optimization problems and was be utilized in the present effort.
Topology optimization problems usually involve in a large number of design variables; therefore, an efficient sensitivity analysis method is critical for obtaining solutions within practical time limits. Efficient sensitivity analysis methods have been developed previously for topology optimization related to static response, eigenvalue, and frequency response. For example, Zhou and Rozvany (1991), computed sensitivities are based on the static response of a linear elastic structural system. Sensitivity calculations for dynamical systems are, however, fundamentally different from those for a static or quasistatic system. Sensitivity calculation is even more challenging when dealing with multibody dynamics systems, which are governed by sets of differential-algebraic equations (DAEs. In both the dynamic and multibody dynamic response problems, the governing equations are time-dependent and so are their sensitivities. For structural dynamic problems, there are two widely used sensitivity analysis methods: the direct differentiation method and the adjoint variable method (Hsieh and Arora, 1984) . To carry out sensitivity analysis by the direct differentiation method, the dynamic equations need to be solved as many times as the number of design variables (Kang, proposed a sensitivity analysis method based on the general-α method (Chung and Hulbert, 1993) . This method considers the dynamic effect of the multibody dynamics system based on the generalized-α method; it however still requires solving the dynamic equations for each design variable. Kang, Choi and Park (2001) proposed using simplified quasi-static load cases equivalent to the complicated loading for multibody dynamics system. However, it can be difficult to find equivalent static loading, and the optimization results based on equivalent static loading might be not able to converge to same optimization results with actual loading condition. (Bruls et al., 2009) This paper presents an extension of the topology optimization method for geometrically nonlinear, time-dependent and timing-dependent multibody dynamics systems with the consideration of nonlinear response and a general multidisciplinary system design problem with the various options from using passive, active and reactive structures and devices. Of particular emphasis are: 1) dealing with design objectives that consider timeand timing-dependent, dynamic, large deformation responses; 2) general representative models for the multi-disciplinary (passive, active or reactive) components in a multibody dynamics simulation system; 3) designing an optimal system that can satisfy multiple requirements under various operating conditions; 4) an efficient sensitivity analysis method for the optimization problem of the occupant restraint system design; and 5) a general and advanced optimization algorithm that can be used to solve the design problems.
Description of the design problem
As shown in Figure 1 , consider two general multibody dynamics systems, MDS-1 and MDS-2, interconnected by a set of N connection members. Each multibody dynamics system has a number of rigid bodies linked by joints, bushings, and/or other internal constraints. As suggested in Figure 1 , MDS-1 may represent a human body, while MDS-2 may represent a vehicle system. There are n 1 rigid bodies in MDS-1, and n 2 rigid bodies in MDS-2. The set of connection members may represent a possible system that restrains the relative motions between the two multibody dynamics systems. Each member in the restraint system can be described as an interaction force between the two interacting points at the two multibody dynamics systems. The interaction force may have non-linear dependency on the relative movement (displacement, velocity, and/or acceleration) of the points and it can be time-dependent and/or timing-dependent. It can also be passive, active, or reactive depending on the application. 
A one way contact with a gap function can be defined as:
An active force function can be defined as ( 
which represents the restraint system with a total of N interaction forces.
Assume a global coordinate system :
, and local coordinate systems 
with origin ( ) n o 2 attached to the mass center of th n body in MDS-2.
is the generalized coordinates vector of MDS-2, the governing equation for MDS-1 can be written as:
where the first equation in (7) Similarly, the governing equation for MDS-2 can be written as: 
or equivalently, (7) and (8) interactive member for the th n body in MDS-2, expressed in the global coordinate system. Note that 
are the external force vectors applied on the respective th m body in MDS-1 and th n body in MDS-2. 
The th i interactive force, which connects the th m body in MDS-1 and the th n body in MDS-2, can be expressed in the global system R as follows,
Therefore, the global force vector applied on the th m body in MDS-1 can be denoted as
and calculated as: 
where 
The relation between the 
Substituting equation (18) into (17), we obtain the nonlinear relation between compatibility matrix and the generalized coordinates.
The nonlinear relation between the deformation of the th i connecting member 
Then, the deformation vector
∆ for the th m body is denoted as
The following relationship is obtained between the th m deformation vector by differentiating equation (20) with respect to the generalized coordinates: 
Design variables in the optimization problem
The optimization problem is defined based on state equations, general force elements and critical boundary conditions. The design variables in this work, 
where µ is the power parameter
The global force vector F including design variables will be rewritten as follows:
4 Topology optimization for multidisciplinary structure design 
where M is the total number of constraints, i V is the volume or cost function for the ith constraint. The components in the restraint system can be divided into different groups, which may belong to different disciplines, and each group can have its own constraint, resulting in a multi-constraint design problem. Figure 2 shows the flow chart of the multidisciplinary structure design process.
Figure2
Multidisciplinary structure optimization process 
Optimization algorithm
The Generalized Sequential Approximate Optimization (GSAO) developed by Ma and Kikuchi (1995a) is adopted to solve this topology optimization problem. This algorithm, based on convex approximation, extends the compatibility of previous optimization algorithms significantly by using advanced updating rules and offering more appropriate parameters for the optimization process algorithm. In specific cases, this algorithm reduces to most popular topology algorithms, such as OC, COLIN, MMA, DSPQ and MOC. The GSAO enhancements result in improved convergence, higher computational efficiency and a more stabile iterative process for large-scale optimization problems.
GSAO also is well suited for multi-constraint problems. The flow chart of the GASO optimization process is shown in Figure 3 . ( 1, 2, , )
Sensitivity analysis
Combining equations (7), (8), and (10):
where,
To simplify the discussion of the sensitivity analysis in this section, it is assumed that the global force vector F in equation (28) is only an explicit function of the deformation vector ∆ and the design variables α , namely ( , ) = F F ∆ α (30) While a more accurate sensitivity analysis method can be obtained, we propose a simplified but efficient sensitivity analysis method, which can be easily implemented into commercial multibody dynamics codes, such as MSC/ADAMS.
The first equation in equation (28) can be rewritten as
Here q F is the generalized action-reaction force between the multibody dynamics system and the restraint system. Since the objective is to obtain an optimal restraint system, the parameters in the two given multibody dynamics systems are not allow to change. To apply the simplified sensitivity analysis method, it is assumed that ( ) (31) is the force obtained in the previous design stage by solving equation (28), but it is a given force when evaluating the design changes at the current stage. This assumption significantly simplifies the sensitivity analysis process.
Taking the derivative of equation (31):
Similarly from equation (30):
and by application of the chain rule:
where
Substituting equations (33) and (34) into equation (32):
which can be solved as:
In general, assuming objective function ( , ) g g = q α is a function of generalized coordinates q and design variable vector α , then we have
Adopting an adjoint vector v , which satisfies the following adjoint equation:
we have
For the special case where = F K∆ and ( ) = K K α , we will have
In general case, F can be a nonlinear function of ∆ , but equation (39) still holds.
Reverse method for compatibility matrix calculation
Generally, the compatibility matrix B is difficult to obtain, particularly if the internal information of a multibody dynamics code is not accessible. There is a need to develop a more effective calculation method to obtain the B matrix using only the information available during a normal solution process without requiring internal information or modifying the multibody dynamics code. In general, the compatibility matrix B is the assembly matrix of the sub-matrices ∆ is the corresponding displacement at the th n time step.
Then, using the first order Taylor expansion of
Using the same process, for the time steps n+j ( 1,2, , n j j = … ) , we obtain ( )
where, for the two-dimensional system 3 n j = and for the three-dimensional system 6 n j = . 
Equation ( 
Numerical example for a two rigid body dynamics system
A two rigid body dynamics system is shown in Figure 4 , with the mass of body 1 = 60 kg and its mass moment of inertia = 10 
O
Consider an objective function as the maximum relative translation displacement of body 1 with respect to body 2, and the optimization problem is to minimize the objective function. The objective function is defined as follows:
where O O r in local coordinate system at the initial time , and W is a weighting matrix, assumed as . It is well known that computing sensitivities using a finite difference method requires unacceptably long computation times for a large number of design variables. Using the adjoint method, it was necessary to solve another set of differential-algebraic equations. The proposed method calculates the sensitivities based only on a single computation of the multibody dynamics simulation. Moreover using the reverse compatibility matrix method reduces the complexity of the sensitivity calculation significantly. Therefore, the optimization problem can be solved efficiently to achieve acceptable accuracy.
Application to vehicle occupant restraint systems
One important application of the multidisciplinary structure design methodology is to design a vehicle occupant restraint system to improve the occupants' safety. The restraint system should also help stabilize the occupant over rough terrain and high speed maneuver conditions and needs to be user friendly, such as easy to put on and take off.
The restraint system involves a possible usage of passive, active, and other reactive devices, and these multidisciplinary safety elements such as belts, airbags or retractors have to be activated in a specific sequence and timing to protect the occupant in extreme conditions. Minimizing the system weight, cost and complexity are also considered in design process. Therefore, it is necessary to develop a general and systematic design approach and optimization tool, which can enlarge the design space and obtain optimal layout design for best performance/weight and performance/cost ratios. Traditional design solution based on engineers' intuition may not provide the best combination of functionality.
Virtual prototyping multibody dynamics models are developed for computational simulation in a commercial code. The detailed specification of a virtual 24-years old male occupant multibody dynamics model ( Figure 6 ) is listed in Table 1 . The flow chart in Figure 11 restraint system optimization design, which commercial codes. min max (a) (b) Figure 13 shows the gunner's dynamic response under the step steer condition. The upper row is the dynamic response before optimization, in which all the interactive members' stiffness was distributed evenly; the lower row is after optimization, with stiffness distributed as shown in Figure 12 (b) . From the rightmost frames, it is obvious that the optimized interactive members layout can constrain the occupant much more effectively in dynamic loading condition with same total stiffness amount. The ordinary linear stiffness members in the multibody dynamics system can also be substituted with connecting members with nonlinear stiffness, such as shown in Figure   15 . Using this nonlinear stiffness response, the optimized result under the step steer condition is shown in Figure 16 , and it is concluded that the proposed function-oriented design method based on topology optimization can also be applied to the system design with nonlinear interactive members. 
Critical parameters identification for multidisciplinary components design
Once obtaining an optimum layout using the proposed general multidisciplinary structure function-oriented design method, it is necessary to identify the type of interactive members, such as passive, active, reactive, and to identify timing parameters, length of actuation period or other effective design variables, such as critical design parameters of mechanical properties for different components. To do so, various nonlinear general force (G-force) elements need to be developed to represent multidisciplinary components, and then be incorporated into the design problem.
As an example, consider a belt retractor design, in which the number of retractors, single point or multiple points; location of the connecting points, both on the occupant and on the vehicle are obtained in the final optimum layout design using the proposed method.
Critical design parameters for properties of the retractor need to be identified in next step. 
The critical design parameters for the retractor include peak timing 0 t , pulse width 0 σ and peak value 0 F . As a first comparison, 2000N is chosen as base line of peak force value. 3.0s/3.1s/3.2s are selected as different peak timing to investigate the peak timing effect. The maneuver condition is the rollover case. As shown in Figure 17 , it can be seen that later peak timing causes a higher possibility of occupant ejection. Peak timing is critical for the design because earlier peak timing can be difficult to determine by sensors assessing whether or not rollover may happen, and later peak timing may not pull the occupant into the crew compartment.
Figure 17
Comparison for retractor peak timing Figure 18 Comparison for retractor peak force value
As a second study, 3.0s is chosen as the base line of retractor peak timing, and 1000N/1500N/2000N are selected as different peak force values to investigate the peak force effect. From the results in Figure 18 , it is seen that smaller peak force values cause a higher possibility of occupant ejection. The peak force is critical for critical for the design because smaller peak force value could not pull the occupant into the crew compartment, however, a larger peak force value has more possibility to cause injury to the occupant.
It is concluded that peak timing and peak force value as parameters of retractor property are critical for the component design. A representative general force element for the retractor should include these two parameters as design variables.
Conclusion
Fundamental multidisciplinary structure design technology is proposed for a multibody dynamics systems design problem which may have various options associated with using passive, active, and reactive devices or materials.
The proposed optimization design method can deal with objective functions that are related to dynamic responses of multibody dynamics systems rather than static response, and that satisfy multiple requirements, such as those for designing a vehicle occupant restraint system, under various operating conditions and performance requirements. The 
Disclaimer
Reference herein to any specific commercial company, product, process or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or the Department of the Army (DoA). The opinions of the authors expressed herein do not necessarily state or reflect those of the United States Government or the DoA, and shall not be used for advertising or product endorsement purposes.
